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Abstract
Generally, the electronic stability of aluminum clusters is
associated with either closed electronic shells of delocalized
electrons, or aluminum in the +3 state. To explore alternative
routes for electronic stability in aluminum oxide clusters,
theoretical methods were used to examine the geometric and
electronic structure of Aln Om (2 ≤ n ≤ 7; 1 ≤ m ≤ 10) clusters.
Two types of electronically stable clusters with large
HOMO-LUMO gaps were identified the first being Al2n O3n
clusters with a +3 oxidation state on the aluminum, and the
second being planar clusters such as Al4 O4 , Al5 O3 , Al6 O4 and
Al6 O5 . The structures of the planar clusters have external Al
atoms bound to a single O atom. Their electronic stability can
be explained by the multiple valence Al sites with the internal
viii

Al atoms having an oxidation state of +3, while the external
Al atoms have an oxidation state of +1. The formation of
+
clusters with high concentrations of oxygen were found
Aln Om

experimentally. To determine the stability of such clusters
theoretical methods were used to examine the geometric and
electronic structure of these clusters (2 ≤ n ≤ 7; 1 ≤ m ≤ 10).
The structures were found to be below average in terms
stability, implying formation in a low collision environment.

1

Chapter 1
Introduction
1.1

Motivation

Aluminum oxide, commonly referred to as Al2 O3 or alumina, is
a material that plays a vital role in many processes. Although
the most noted uses of alumina are as a catalyst or catalyst
supports there has been evidence that this substance can also
be used to create improved hydrogen fuel cells [17]. In this
scenario small alumina clusters or thin films react with water
to produce hydrogen. Unlike the current methods to produce
hydrogen this method does not depend on fossil fuels and
achieves relatively high hydrogen storage capacity while still
2

keeping prices low. The formation of aluminum oxides can also
be a hindrance to the testing and development of some
technologies. In the case of test reactors, it is not uncommon
to use aluminum alloys as fuel cladding. This cladding reacts
with oxygen producing an aluminum oxide film that lowers fuel
performance with an inverse relation to the films
thickness[18].Polarimetry is a technique commonly used in
astronomical settings for measuring optical activity as each
optical component in a telescope effects the polarization of the
incoming light [37].In the case of aluminum mirrors
understanding the polarization due to the mirror has proven to
be particularly difficult. The reason for this is that after the
creation of the mirror an aluminum oxide film forms, growing
in thickness over several days [26]. There has alos been
evidence to suggest that Aln Om plays a role in atmospheric
chemistry[36].As aluminum oxide presents itself across a
multitude of fields a fundamental understanding of the
material and its many variants is of the utmost importance.

3

1.2

Aluminum Oxides

Aluminum oxide exists in a variety of states with the most
common and thermodynamically stable form being α-Al2O3.
In this form O atoms form hexagonal closed-packed planes with
Al atoms occupying two of three octahedral sites between these
planes. In bulk form, there also exists two metastable states,
γ-Al2O3 and δ-Al2O3. In these states the Al atoms may insert
themselves into tetrahedral sites [20].Along with these three
forms of bulk Al2O3 there are also thin-films as discussed in
the motivation section. These thin films have a mixture of
4-fold, 5-fold, and 6-fold coordination. In general, Alumina has
a preference for Al atoms to exist in the +3 oxidation state
while O atoms exist in the -2 oxidation state. In addition to
these large scale forms of aluminum oxide there exist another
set of possible forms for Aluminum-Oxide, namely clusters.
At the nanoscale compounds can exist that are far removed
from the 2:3 ratio generally expected for aluminum oxides. In
this regime compounds with mixed valence provide a way of
4

stabilizing these unusual stoichiometries and may lead to
unusual properties due to a decrease in the degree of charge
transfer between atoms [14, 15, 23, 24, 34, 31]. Previous works
have indicated that it is possible for aluminum oxide to adopt
radically different structural motifs, and when supported on
certain substrates can even form wide-band gap materials. .
Although aluminum oxides prefer a 2:3 ratio of Al atoms to O
atoms, the ground state occupation of Al provides a potential
alternative. The ground state of an Al atom is [N e]3s2 3p1 and
the separation between the 3s and 3p shells is roughly 3.6 eV.
As a result of this large gap there is a possibility that
electronically stable structures with Al atoms in the +1
oxidation state can exist. Metalliod clusters have been formed
using compounds such as Al-cyclopentadiene and Al-halides
indicating that aluminum in the +1 oxidation state may be
stabilized [11, 16, 44, 43, 1, 10] These results posit the question
as to whether it is possible to have other stable Aln Om
compositions that are electronically and energetically stable.

5

1.3

Summary and Thesis Layout

The purpose of this thesis is twofold; the first aim is to
+
understand the stability and structural motifs of Aln Om

clusters in an effort to better explain experimental results. The
second is to explore the structure and stability of Aln Om
clusters while attempting to shed light on the existence and
stability of planar mixed oxidation state Aln Om clusters. Using
an ab initio approach, the Amsterdam Density Function code
is used to evaluate both the stability and the structure of such
clusters. The second chapter of this thesis will provide an
abridged history of Density Functional Theory starting with
the work of Kohn and Sham. Chapter two also serves to give
pertinent specifics about the computational work carried out
as well as a brief explanation of approaches taken in support of
the stated purpose of this work. A brief outline of the
experimental techniques used by the collaborator is given in
Chapter 3. The results of the computational work in this thesis
is laid out in chapters 4 and 5. Chapter four focuses on the
6

structure and stability of Aln Om with special interest given to
planar structures of mixed oxidation states while chapter 5 is a
+
and its relationship to the
study of the stability of Aln Om

experimental studies outlined in chapter 3. Any supplemental
information for chapters 4 and 5 can be found in the appendix
section of this thesis.
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Chapter 2
Theoretical Methods
2.1

An Introduction to Density Functional
Theory

Density Function Theory is integral to the studies carried out
in this thesis. The fundamental concepts of DFT and rooted in
Quantum Mechanical Theory and in specific Schrodinger’s
equation. Although the developments of the
Born-Oppenheimer approximation and the Hartee- Flock
method played an integral role in the creation of modern DFT
these concepts will not be discussed in detail here. This section
will begin with the with the electron density proposed by
8

Kohn, Hohenburg, and Sham in the 1960’s. They proposed
that the electron density can be written as
−
n(→
r)=N

Z

rd32

Z

Z

3

d r3 ...

−
−
d3 rN Ψ(→
r1 , →
r2 ...−
r→
N

From this electron density the potential of a many body
system can be constructed into a single body calculation. To
−
do such n(→
r ) is treated as a variable. As a result, other
observables can be found. Once the particle density has been
found this value can be used to calculate the ground state
wavefunction and potential energy of the system.
Early methods attempted to directly minimize the energy of
many body systems. In 1965 Kohn and Sham derived a way to
do this indirectly [19]. Starting with ground state energy of an
interacting inhomogeneous electron gas in a static potential
Z
E=

1
−
−
−
v(→
r )n(→
r )d→
r +
2

Z Z

→
−
−
→
−0
n(→
r )n( r0 ) →
−
d
r
d
r + G[n]
→
−0
→
−
|r − r |

They then devised an approximation for G[n], the universal
functional of the density. G[n] is said to be made up of a
9

kinetic energy term and an exchange and correlation energy.
The kinetic energy term can be written as the sum of two
terms in the form

T [n] = Ts [n] + TC [n]
where Ts [n] represents the energy of noninteracting particles
and Tc [n] represents the remainder. Ts [n] cannot be found
−
directly as a functional of n(→
r ) as a result Kohn and Sham
expressed Ts [n] in terms of single particle orbitals of a
−
noninteracting system whose density is n(→
r ). Doing such
leads to
N

h̄2 X 3 ∗ →
−
d rφ (−
r )∇2 φ(→
r)
Ts [n] = −
2m i
−
where φ(→
r ) is the single particle orbital. The practicality of
−
−
such an approach is that as all φ(→
r ) are functionals of n(→
r)
−
Ts [n] becomes and implicit functional of n(→
r ). This method
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allows the exact energy functional to be written as

E = Ts [φ(n)] + UH [n] + Exc [n] + V [n]
In this scheme Exc [n] is the exchange-correlation energy. While
this gave a more straightforward way of dealing with the exact
energy functional it does not explain how to minimize that
value. The general form of the minimization is given as

0=

δE[n]
δTs [φ(n)] δUH [n] δV [n] δExc [n]
−
−
−
=
+
+
+
+v(→
r )+vH (→
r )+vxc (→
r)
→
−
→
−
→
−
→
−
→
−
δn( r )
δn( r )
δn( r ) δn( r ) δn( r )

From the above equation it can be seen that the minimization
of the energy can be written as:
δTs [φ(n)]
δE[n]
−
−
−
=
+ v(→
r ) + vH (→
r ) + vxc (→
r)
→
−
→
−
δn( r )
δn( r )
For this equation to have physical meaning the final three
−
terms should be explained. The value v(→
r ) represents the
−
external potential through which the electrons move. vH (→
r ) is
the Hartee potential and represents the self-consistant electron
potential. The last term is the exchange-correlation potential.
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This term is of special interest as it cannot be directly
calculated and is totally dependent on the approximation made
for Exc [n].
The above results give way to what is known as the
Kohn-Sham equation.
1
−
−
−
−
−
[− ∇2i + v(→
r ) + vH (→
r ) + vxc (→
r )]Ψi (→
r ) = EΨi (→
r)
2
The above equation is essentially Schrodinger’s equation for
−
one electron. If all potentials are said to be equal vs (→
r ) then
the equation can be solved as if there is only one potential
present. This assumption gives the equation
h̄2 ∇2
−
−
−
+ vs (→
r )]φ(→
r ) = φ(→
r)
[−
2m
−
From this n(→
r ) can be found to be
−
n(→
r)=

N
X

−
fi |φi (→
r )|2

i

Here, fi is the orbital occupation. The last two equation
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provide a method for minimization of the exact energy
functional.
In the above discussion of the Kohn-Sham theorem it has been
claimed that the exchange correlation energy cannot be
directly calculated. It turns out that in the case of a uniform
electron gas the exchange-correlation functional can be exactly
calculated [33].This is a result of the electron density be
constant at all spatial points. Although, this is an
approximation it allows the Kohn-Sham equations to be used.
In this scenario
−
electrongas →
vxc (→
r ) = vxc
(−
r)
By applying this approximation, one needs know only the local
density; as a result, this method is known as the local density
approximation (LDA). While this approximation assumes a
uniform charge density within the system that is, in general,
not the case. To limit the error of the LDA approach Becke
introduced the general gradient approximation [3, 4].In this
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method he paired the LDA correlation energy with the
Hartree-Fock exchange-energy. Doing such resulted in an
exchange-correlation energy that could be written as:
−
−
LDA
Exc
[n↑ (→
r ), n↓ (→
r )] =

2.2

Z

−
−
−
−
−
d3 rxc [n↑ (→
r ), n↓ (→
r ), ∇n↑ (→
r ), ∇n↓ (→
r )]n(→
r)

Theoretical Method in Practice

All results presented in this work were carried out using
Amsterdam Density Functional code. In this method atomic
orbitals are formed from Slater-type orbitals (STO) centered at
each atomic site [35].These slater-type orbitals are known as
basis set elements and can be described by the spherical
harmonics of the orbital, and some exponential function that
determines the orbitals decay over long ranges. Although other
types of orbitals, such as Gaussian, can be used to
approximate these basis sets STO have the benefit of
accurately modeling cusp behavior and long range decay of the
wavefunction [25].In this work all calculations were conducted

14

using the TZ2P basis set [39].TZ2P on its own does not
provided relativistic effects as a result the zero-order regular
approximation(ZORA) was added [39].This approximation is
derived by taking the zero-order expansion of the Dirac
equation [38].This is then substituted in the Kohn-Sham
equation as the systems potential. The electronic orbitals are
then built from a linear combination of these atomic orbitals.
In this work exchange and correlation effects are included
using gradient corrected density functionals, specifically GGA
PBE [28].The choice of this basis set is based on previous
works which have shown the functional to provide an adequate
representation of the electronic structure of Aln clusters [30].
Both studies discussed here involved clusters containing
multiple Al and O atoms, as a result numerous potential
structures (up to 30) were investigated. These potential
structures were generated by hand and included structures
that were prompted by previous works involving aluminum
oxide clusters[29, 42, 13, 12, 9, 8, 27]. For each potential
structure various spin configurations were examined to provide
15

confidence that both the ground state structure and
multiplicity were properly identified.
While the proper geometry of these clusters is inherently
valuable these results were intended to provide insights into
the experimental results of a collaborator as well as provide an
explanation for planar structures with mixed oxidation states.
As a result, various markers of stability were probed. The first
such marker that was examined was HOMO-LUMO gap[7](c).
The HOMO-LUMO gap represents the energy separation
between the highest occupied molecular orbital of a cluster and
the lowest unoccupied orbital. This value is of importance as a
large gap indicates that a cluster will resist accepting or
donating charge and as a result is a good indication of the
structure’s chemical stability.
Charge analysis was then carried out. This is a method by
which the net atomic charge of each atom in a cluster is
calculated from the molecular charge of the system. The
results of these calculations provide a fractional value
measured in elementary charge units. These values highlight
16

the asymmetry of electrons in chemical bonds and as a result
carry information about bond strength. The values can also be
used as a method of comparison by which one can understand
the oxidation state of a particular atom. The atom that is less
electronegative will carry a negative charge as its electrons are
drawn to the other atom. While various methods have been
devised to examine this phenomenon, Hirshfeld charge was
used for all results in this thesis. This method was chosen as
each atom’s charge density is weighted in such a way that the
charges provide more solid physical meaning than previous
methods. To obtain Hirshfeld charges, the fragments of the
cluster in question must be preselected. In the case of this
thesis, the fragments chosen correspond to each atom present
and all calculations were done using neutral charge densities.
+
For both Aln Om and Aln Om
clusters the fragmentation

channels were examined. This is the energy required to break
an Aln Om cluster into a fragment containing x Al and y O
atoms and another containing n-x Al and m-y O atoms. The
fragmentation energies, ∆F rag, for an Aln Om cluster were
17

calculated with the equation

∆F rag = E(Alx Oy ) + E(Aln−x Oy−m ) − E(Aln Om )

(2.1)

where E(Aln Om ) is the total energy of the initial cluster.
+
Calculations for Aln Om
clusters were carried out in much the

same way yet it is important to note that as these clusters are
positively charged one of the fragments must also carry a
positive charge. Experimentally only charged clusters can be
+
observed; because of this the fragmentation energies of Aln Om

not only gives insight into the relative stability of positively
charged clusters but also serves as a metric by which to
understand the stability of neutral clusters within an oxygen
rich environment. For each cluster all possible fragmentation
channels were examined including those that contained O2 ,O3
and Al.
The adiabatic ionization energy, or the energy required to strip
a single electron from a neutral cluster, was calculated using

18

fully optimized structures by way of the equation
+
I.E. = E(Aln Om
) − E(Aln Om )

(2.2)

Finally, various types of binding energies were explored. For
Aln Om clusters the oxygen binding energies were calculated via
the equation

Eob = E(Aln Om ) − [E(Aln Om−1 ) + E(O]

(2.3)

+
In the case of Aln Om
clusters, O2 binding energy was

calculated using the equation
+
+
Eo2 b = [E(Aln Om−2
) + E(O2 ] − [E(Aln Om
)

(2.4)

In both Eq. 2.3 and 2.4 E(Aln Om ) and E(Aln Om−y ) represent
the ground state energies of each structure respectively. While
both EOb and EO2 b are used to gain a clearer insight as to the
+
stability of each cluster the usage of EO2 b for Aln Om
clusters

were chosen as it could also lend insights into the formation of
clusters in the experiment performed.
19

Chapter 3
Experimental Methods
3.1

Laser Vaporization

Our collaborator in China prepared all clusters presented in
the experimental portion of this work using laser vaporization
(LaVa). In this method a high-intensity laser is focused onto a
rod of the material that is to be examined [5, 40].This
high-intensity beam heats the rod thereby vaporizing a portion
of the material. At this point a gas is pumped into the
chamber quenching the vapor allowing it to condense into
clusters under vacuum. It should be noted that although the
sizes of clusters produced generally follow a relatively Gaussian
20

distribution it is not possible to size select a specific cluster.
In this specific experiment an aluminum rod was vaporized and
the condensation gas used was O2 . While in general the gas
used is neutral as to avoid reacting with the metallic vapor, it
was the intent of this experiment to create such a reaction
leading to the formation of aluminum oxide clusters.

3.2

TOFMS

Proper identification of these newly formed clusters relies on
the use of a time of flight mass spectrometer such as the one
pictured in figure 3.1. The first step in this process is to ionize
the clusters using an ionization laser. This is necessary as only
charged clusters can be properly detected. An ion beam is
then directed into a chamber filled with an inert gas, typically
N2 . The first portion of this chamber consists of a
homogeneous electric field that serves to accelerate the
clusters[5]. Each cluster of the same mass travels at a set
velocity through a field free drift region until it comes into

21

+
clusters
Figure 3.1: Schematic of Re-TOFMS used to charachterize Aln Om
experimentally

contact with the detector[5].The ionization state of the cluster
is controlled by the ionizing laser. This state paired with the
mass of the cluster striking the detector allows for proper
identification of each cluster. Although, figure 3.1 shows a
deep ultraviolet laser this laser was not used in the experiment
presented here. As a result this is a study of cations and not
neutral structures that have simply been ionized.

22

Chapter 4
Structure of AlnOm
4.1

Geometric Structure

The ground state structures were calculated for clusters with
Al from 1 to 7 and O from 1 to 10. In this work, only
structures where Al is greater than 2 were considered in
regards to electronic structure. The geometric structures of
these clusters can be seen in figure 4.1. The two most logical
constituents of an Aln Om cluster would be Al2 and AlO. The
calculations performed found the binding energy of Al2 to be
1.48 eV while AlO was found to have a binding energy of 7.83
eV. From these results, one would expect that when oxygen is
23

brought into the presence of Aln the oxygen will be inserted
between two of the Al molecules. This can be seen in the case
of Al2 O where the single oxygen molecule bonds to both Al
atoms. Al2 O2 behaves similarly, in that both oxygen atoms
bind to each Al atom.After this point oxygen atoms will bond
to a single Al atom until all available sites have been occupied.
As these clusters become oxygen rich O-O and eventually
O-O-O bonds form. For clusters where the number of Al atoms
are between 4 and 6, the insertion of O atoms into more
compact aluminum clusters gives rise to a region where the
ground state structures are planar. These regions begin with
Al4 O2 , Al5 O3 , and Al6 O4 and terminate with Al4 O5 , Al5 O5 ,
and Al6 O7 . As no planar structures exist within the Al7 Om
structures it would appear that there is a size limit at which
planar structures are no longer energetically favorable. An in
depth discussion of the lack of planar ground states for Al7 Om
will take place in the next section.

24

Figure 4.1: Ground-state atomic structures of Aln Om (2 ≤ n ≤ 7; 1 ≤ m ≤
10). Aluminum is blue, Oxygen is Red.

25

4.2

Electronic Structure

The next stage of this work involved examination of the
electronic structure of each cluster in an effort to determine
the electronic stability. This was done by calculating the
HOMO-LUMO gap, fragmentation energy, and oxygen binding
energy of each ground state structure. Figure 4.2 gives the
HOMO-LUMO gaps for the various Aln Om clusters. While a
large HOMO-LUMO gap does not have inherent meaning,
when paired with a closed electronic shell it is indicative of
lowered reactivity as well as higher ionization and reduced
electron affinity. From this one would expect that clusters with
closed electronic shells would have higher than average
HOMO-LUMO gaps. Al atoms have three valence electrons
whereas oxygen six, two short of a closed shell. From this it
can be seen that Al2 O3 , Al4 O6 and Al6 O9 will have closed
electronic shells. Although these clusters were found to have
quite large HOMO-LUMO gaps the largest gaps were found to
belong to Al4 O4 and Al6 O5 , with the HOMO-LUMO gaps of
26

Figure 4.2: HOMO-LUMO gaps of Aln Om (2 ≤ n ≤ 7; 1 ≤ m ≤ 10)

Al2 O, Al6 O4 and Al6 O8 all being greater than that of Al4 O6 .
Eq. 2.1 was used to calculate the Fragmentation energies
shown in figure 4.3. For the various Al contents, it was found
that Al2 O, Al3 O4 , Al4 O6 , Al5 O7 , Al6 O9 , and Al7 O10 had the
largest fragmentation energies. With the exception of Al2 O all
Aln Om clusters where n is even correspond to an integer
multiple of the 2:3 ratio found in bulk Alumina. Although, the
27

result that Al2 O has a larger fragmentation energy than Al2 O3
is initially shocking, it can reasoned that as each Al atom
shares one electron with the single oxygen that needs two
electrons to fill its outer shell this structure would be less likely
to fragment than the Al2 O3 cluster which has its third oxygen
bonded to a single Al atom. Considering the values for the
HOMO-LUMO gap in conjunction with the fragmentation
energies of each cluster allows one to develop a clearer
understanding of these Aln Om clusters. Although, Al4 O4 ,
Al6 O4 , Al6 O5 , and Al6 O8 all had very large HOMO-LUMO
gaps their various fragmentation energies are average with
regards to all Aln Om clusters. Al4 O6 and Al6 O9 on the other
hand, have both large HOMO-LUMO gaps as well as the
largest fragmentation energies thereby implying that these two
structures are in fact more stable than the rest of the Aln Om
clusters. Figure 4.3B charts the fragmentation energies as a
function of their O/Al ratio, with the fragmentation channel
highlighted by the smallest of the two fragments. The most
common fragments are O2 , AlO, and Al2 O. In the case of
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oxygen rich clusters, the fragmentation channel generally
involves an O2 molecule and in rare instances a single O. As
the ratio of O to Al approaches 3:2 the most common fragment
becomes AlO. In the cases where there are more Al atoms than
O, Al2 O becomes the most common fragment followed by a
single Al atom. These fragmentation trends imply that Aln Om
clusters in fact prefer the 2:3 ratio seen in bulk Alumina.
Figure 4.4 shows the O binding energy across Aln Om
structures. Although, fragmentation energy has already been
used to discuss energetic stability and is in general a better
metric to use, O binding energy gives another route by which
to examine the energetic stability of clusters detailed in this
work. It can be seen that the planar structures Al4 O4 , Al6 O4 ,
and Al6 O5 all have above average binding energies with the O
binding energy for Al6 O4 actually surpassing that of the Al6 O9
structure which has a stochiometry equal to Al2 O3 . While
these results do not imply that fragmentation of these clusters
is unlikely, the results do support that each O atom is strongly
bound to Al and as a result one would expect any
29
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Figure 4.3: A) Fragmentation energy of Aln Om (2 ≤ n ≤ 7; 1 ≤ m ≤ 10)
B)Fragmentation energy of Aln Om (2 ≤ n ≤ 7; 1 ≤ m ≤ 10) as a ratio of
O/Al with lowest channel represented by smallest fragment.

Figure 4.4: Oxygen Binding energy of Aln Om (2 ≤ n ≤ 7; 1 ≤ m ≤ 10)

fragmentation that does happen to happen along a channel in
which AlO or Al2 O present. This supports the data presented
in Figure 4.3B.

4.3

Electronic Structure of Planar AlnOm

The structures Al4 O4 , Al6 O4 , Al6 O5 , andAl6 O6 were all found
to have planar geometries. It was postulated that the
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electronic stability of these structures was the result of
multiple valances present on the Al atoms, and in particular
the presence of terminal Al atoms in the +1 oxidation state.
To confirm this claim the electronic structure of these clusters
were studied in particular. In Figure 4.5 the structure,
Hirshfield charge and HOMO-LUMO gap are present for Al2 O,
Al4 O4 and Al4 O6 . While Al2 O and Al4 O6 are not planar
structures their inclusion here is vital to understanding of the
oxidation states of the planar clusters. By comparing the
Hirshfield charge of each planar structure to the Hirshfield
charges of either Al2 O or Al4 O6 it is possible to assign an
effective oxidation state to each Al atom in the planar clusters.
For Al2 O the HOMO-LUMO gap was found to be 3.41 eV.
This gap corresponds to the gap lying between the 3s2 and 3p
orbitals. In this cluster the Al atoms are in the +1 oxidation
state whereas the O atom is in the -2 oxidation state. The +1
oxidation state corresponds to an integrated charge of 0.23 on
the Al atoms. The -2 oxidation state corresponds to an
integrated charge of -0.45 on the oxygen. In the case of Al4 O6
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the HOMO-LUMO gap was found to be 2.71 eV. Although this
HOMO-LUMO gap is larger than what is generally found in
AlO clusters it is lower than what one expect for a cluster with
a closed electronic shell. This is the result of unoccupied 3s
orbitals in Al forming a bonding orbital roughly 2 eV lower
than those of the other unoccupied orbitals. The Al atoms in
Al4 O6 are found to be in the +3 oxidation state whereas the O
atoms are in the -2 oxidation state. The +3 oxidation state
corresponds to an integrated charge of of 0.64 on the
Aluminum. The -2 oxidation state corresponds to an
integrated charge of -0.42. With these results in mind, Al4 O4
can be examined.
Al4 O4 has two central Al atoms with integrated charges of
0.61. This is essentially the same as the charges found on the
Al atoms of Al4 O6 . The terminal Al atoms have charges of
0.27 which are roughly in line with those of the Al atoms in
Al2 O. From these results it can be seen that the electronic
stability of Al4 O4 can be attributed to its multiple valance in
the aluminum atoms. Figure 4.6 shows the structure,
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Figure 4.5: Structure of Al2 O, Al4 O4 , and Al4 O6 , HOMO-LUMO gap, and
Hirshfeld charges of the atoms.

HOMO-LUMO gap, and Hirshfield charge for Al6 O4 , Al6 O5 ,
and Al6 O6 . Al6 O4 is found to have a HOMO-LUMO gap of
3.07 eV. The Hirshfield charge on O is found to be -0.44 eV.
The two central atoms are trivalent, forming bonds with two O
atoms and one bond with another Al. These central atoms are
found to have an integrated charge of 0.44. The four terminal
Al are bonded to a singular O atom and have charges of 0.23.
These results support the premise that each O pulls an electron
from each terminal Al, leaving these terminal Al atoms in the
+1 oxidation state. From these results it can also be seen that
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each O atom pulls one electron from the central Al atoms
leaving a single electron on each terminal aluminum by which
they bind. As the terminal Al atoms are in the +1 state, they
each have filled 3s2 shell. This paired with the trivalent nature
of the central Al atoms provides a clear insight into the large
HOMO-LUMO gap of Al6 O4 . Although the case for the
electronic stability of Al6 O5 could be made in much the same
way as the two previous structures it is not strictly necessary
to do such. In this case the terminal Al atoms each donate an
electron to the nearest oxygen making the terminal Al atoms
monovalent, whereas the central Al atoms will donate three
electrons, one to each neighboring oxygen, leaving these atoms
in the +3 state and all O in the -2 state. Although both Al6 O4
and Al6 O5 are perfectly planar in their ground states they are
not aromatic[22, 21, 6, 32, 2, 41]. While all-metal aromatic
clusters derive their stability from degeneracies caused by
planar structures with delocalized electrons these clusters are
stable as a result of atomic shell filling which would hold
without regard to structure. The structures planarity can be
35

attributed to limited amounts of pi bonding between Al and O
atoms. Al6 O6 is not perfectly planar and has a HOMO-LUMO
gap of 0.8 eV, substantially smaller than those of Al6 O4 and
Al6 O5 . This can be explained by noting that although the
terminal Al atoms are monovalent and the top most Al atoms
within the ring are trivalent, the lower two Al atoms are
divalent. Examination of the Hirshfield charge supports this as
the lower Al atoms have a charge of 0.44 which is intermediate
of the monovalent (0.24) and trivalent (0.64) charges.
Figures 4.7a and 4.7b plot the Hirshfield charge on oxygen and
aluminum with respect to cluster size. This data was used to
analyze the effects of oxygen coverage on the charge transfer of
Aln Om clusters. In general O atoms have a charge between -0.4
and -0.45, although once the ratio of Al to oxygen exceeds 1:2
this no longer holds true as after that point O-O bonds begin
to form. It can be seen in figure 4.7b that after Al2 O4 ,
Al3 O5 ,Al4 O6 , Al5 O8 , Al6 O9 , andAl7 O10 there is a monotonic
decrease in charge. This implies that after that point the
cluster has reached oxygen saturation. It is also of interest
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Figure 4.6: Structure of Al6 O4 , Al6 O5 , and Al6 O6 , HOMO-LUMO gap, and
Hirshfeld charges of the atoms. Green corresponds to Al in the +1 valent
state, blue is +3, and red is +2.
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that for each value of n for Aln Om clusters this point occurs at
approximately the 2:3 ratio of Al to O. These saturation points
all occur near 0.6 which is consistent with the values associated
with the +3 oxidation state.
To provide further confirmation that the terminal atoms of
these planar structures are indeed monovalent, the molecular
orbitals of Al6 O4 and Al6 O5 were examined. These results are
plotted in figure 4.8. For both clusters the HOMO orbitals are
found to be 4 3s orbitals located on the terminal Al atoms. As
a result, it is confirmed that the 3s2 orbital is occupied. In
each case the LUMO is 3p, further confirming that each cluster
is monovalent. In the case of Al6 O4 , the LUMO is represented
by pi-bonding between the central Al atoms with the next four
highest unoccupied orbitals being 3p orbitals located on the 4
four terminal Al atoms. ForAl6 O5 , the LUMO is triply
degenerate with all three orbitals being made up of 3p orbitals
centered on the terminal Al atoms. Around -2 eV there is a
grouping of blue orbitals, these correspond to oxygen lone pairs
that are not bonded to Al sites. Bellow that, at roughly -4 eV,
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Figure 4.7: A) Hirshfield charge of oxygen. B) Hirshfield charge of aluminum.
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there is a set of grey orbitals. These orbitals correspond to
mixed orbital between the Al and O atoms. In figure 4.8a
there are also two orbitals depicted that show weak pi-bonding
inAl6 O4 . These orbitals are orbitals 10 and 11 of which they
have a combined 3p occupation of roughly 15. A similar
situation is seen in Al6 O5 in which orbitals 11 and 12 exhibit
weak pi-bonding with a combined 3p occupation of around 19.
This weak pi-bonding plays an integral part in the planarity of
these structures as it is energetically preferable to keep the
pi-bonded atoms in plane with one another. Although this
provides a good explanation for the planarity of Al6 O4 and
Al6 O5 it does little to explain the lack of planar structures in
the Al7 Om regime.
In figure 4.9 the ground states for a range of Al7 Om clusters
are shown as well as several low-lying isomers. For both Al7 O4
and Al7 O5 there exist near planar structures. The terminal Al
atoms are held in plane with respect to their nearest central Al
atoms much as in Al6 O4 and Al6 O5 but in these cases the
Al-Al bonds in the center are bent and as a result destroy the
40

Figure 4.8: Molecular orbitals of Al6 O4 and Al6 O5 . Continuous lines correspond to filled orbitals while the dashed lines represent unoccupied orbitals.
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planarity of these clusters. Unlike the Al6 O4 case, the central
Al atoms exhibit pi-bonding as a result of O atom they are
bonded to the Al-Al bond exhibits no such phenomenon and as
a result these bonds are free to be bent. It can be seen that in
this size regime planar or near planar structures no longer exist
in the ground state. This can be explained by examining the
ground state structures and realizing the there is a preference
for trivalent O. The existence of these trivalent O atoms at this
stage implies that there is a tipping point for number of Al
atoms at which trivalent O is more efficient than divalent O,
thereby eliminating the possibility of planar geometries.

42

Figure 4.9: Ground state structures and low-lying isomers for Al7 Om (3 ≤
m ≤ 7)
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Chapter 5
+
Structure of AlnOm
The work done in this section was motived by the mass
spectrometry results shown in Figure 5.1. These results are
+
clusters with large intensities that do not
marked by Aln Om

correspond to the 2:3 ratio of Al atoms to O atoms that one
would expect to see. The spectrometry results brought in to
question why such large intensities would exist for what were
mostly oxygen rich clusters. To that end the electronic and
energetic stability of these clusters as well as a large variety of
+
+
other Aln Om
structures for of Aln Om
(2 ≤ n ≤ 7; 1 ≤ m ≤ 10)

were explored. The following results attempt to shed light on
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+
clusters formed in the presence
Figure 5.1: A) Mass spectrometry of Aln Om
of large quantities of O2 . B) Mass spectrometry results of bare Aln+ clusters.

the existence of these clusters within this experiment as well as
their potential to exist outside of a controlled environment.
As with the neutral Aln Om clusters, the ground state
structures were calculated for clusters with Al from 1 to 7 and
O from 1 to 10 and only structures where Al is greater than 2
were considered in regards to electronic structure. The atomic
structures of these clusters can be seen in figure 5.2. For
+
clusters the breaking of Al-Al bonds and the insertion
Aln Om

of an O atom in its place continues to hold true and can be
attributed to the lower binding energy of AlO in comparison to
Al2 . As O saturation is reached O-O bonds begin to form and
+
eventually O-O-O bonds. At small sizes Aln Om
clusters exhibit
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planar geometries in either linear or ring-shaped forms.

5.1

+
Electronic Structure of AlnOm

+
In an effort to understand the energetic stability of Aln Om

clusters the HOMO-LUMO gap, Fragmentation energy and O2
binding energy were examined. Figure 5.3 shows the
+
HOMO-LUMO gaps for the various Aln Om
clusters. It is

generally expected that clusters with closed electronic shells
will have large HOMO-LUMO gaps with respect to similar
clusters. As neutral Al atoms have a valance of 3 and O atoms
a valance of -2 only clusters with even numbers of Al atoms
should have closed shells. Being that these clusters are cations,
only clusters in which there is an odd number of Al atoms are
capable of have a closed electronic shell. In this study Al3 O+ ,
+
Al3 O4+ , Al5 O3+ , Al5 O7+ , Al7 O10
were found to have the greatest

HOMO-LUMO gaps. Previous works have shown that for Aln
clusters there is a change in valance associated with site. For
smaller clusters with low coordination Al atoms are
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+
Figure 5.2: . Ground state atomic structures of Aln Om
(2 ≤ n ≤ 7; 1 ≤ m ≤
10). Aluminum is blue, Oxygen is Red.
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monovalent, but as the clusters grow in size and coordination
increases the Al atoms become trivalent. The monovalent
behavior of small clusters then explains the large
HOMO-LUMO gap as each Al atom will be in the +1
oxidation state whereas the O atom will be in the -2 oxidation
state. As Al3 O+ has one less electron than the neutral cluster,
the result is a closed shell. In the case of Al5 O3+ the four
terminal Al atoms are in the +1 oxidation state and the
central Al atom is in the +3 oxidation state. This implies that
the terminal Al atoms are lowly coordinated and the central Al
+
atom is highly coordinated. For Al3 O4+ , Al5 O7+ , and Al7 O10

can be said to have Al atoms which are trivalent and O atoms
in the -2 oxidation state. As each of these has one less electron
than the neutral cluster would, these three clusters can be said
to have a closed electronic shell. This examination implies that
at small sizes the electronic stability is dependent upon the
multiple valance of the Al sites.
As the calculations in this chapter are in support of
experimental results in which clusters undergo multiple
48

+
Figure 5.3: HOMO-LUMO gaps of Aln Om
(2 ≤ n ≤ 7; 1 ≤ m ≤ 10). B)
Fragmentation energy
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collisions, special consideration must be taken in regards to the
fragmentation energy. The Fragmentation energies for all
+
included in this study are plotted in figure 5.4. The
Aln Om

clusters with the greatest fragmentation energies are found to
+
be Al3 O+ , Al3 O4+ , Al5 O7+ , and Al7 O10
. Each of these clusters

are found to have Al atoms in the +3 state and O atoms in the
-2 state with the exception of Al3 O+ . In the case ofAl3 O+ the
Al atoms are weakly coordinated. This results in Al atoms in
the +1 state behaving similarly to more strongly coordinated
clusters with Al atoms in the +3 oxidation state. It should be
noted that for other cases not including Al3 O+ , the Al to O
ratio of these clusters correspond to the 2:3 ratio found in bulk
Alumina. Figure 5.4B charts the fragmentation energies as a
function of their O/Al ratio, where the fragmentation channel
is highlighted by the smallest of the fragments. The most
+
common fragments for Aln Om
clusters were found to be O2 , O,

Al+, and Al2 O. In the case of oxygen rich clusters,
fragmentation channels tend to involve an O2 or rarely O3 .
The fragmentation energies for these clusters were in general
50

less than three eV. As the O to Al ratio begins to approach 3:2
O and Al+ fragments dominate. In this range the highest
fragmentation energies are seen with most having a value
above three eV. As clusters approach the 2:1 ratio the most
common fragment becomes Al2 O and the fragmentation
energies again drop to below 3 eV. These results support the
stability of clusters with an Al to O ratio of 2:3 as clusters in
that range have larger fragmentation energies while clusters
out of that range tend to fragment in such a way that brings
the large fragment closer to this ideal ratio.
Although fragmentation energy has already been used to
discuss energetic stability and is a strong metric, O2 binding
energy was also examined. While Al, O, and AlO binding
energies were also calculated it was decided that for the
purpose of this work O2 binding energy was the most
informative. This is because in the actual experiment that was
carried out Aln+ clusters were brought into the presence of O2
molecules to form these clusters. In figure 5.5 it can be seen
+
that the binding energy of Aln Om
clusters decreases as clusters
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+
Figure 5.4: A) Fragmentation energy ofAln Om
(2 ≤ n ≤ 7; 1 ≤ m ≤ 10)
+
B)Fragmentation energy of Aln Om (2 ≤ n ≤ 7; 1 ≤ m ≤ 10) as a ratio of
O/Al with lowest channel represented by smallest fragment.
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+
(2 ≤ n ≤ 7; 1 ≤ m ≤ 10)
Figure 5.5: O2 bonding energy of Aln Om

approach O saturation. This implies that all O2 molecules
added after this point are only weakly bound to the cluster
and as a result the overall stability of these clusters are low.
+
When actual experiments are conducted, Aln Om
production

generally involves the removal of an electron from the neutral
species of that cluster. As a result, the intensity of an observed
species is directly related to the ability to ionize the neutral
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species. With this in mind the adiabatic ionization energies of
all Aln Om clusters in this study were examined. These energies
were calculated using Eq. 2.2 in the theoretical methods
section. From figure 5.6 it can be seen that there is a drastic
variation in the ionization energies for these clusters. Al2 Om ,
where m is greater than 5, and Al3 O8 are composed largely of
O2 andO3 molecules. As O2 and O3 have ionization energies of
12.06 and 12.53 eV, the abundance of these molecules is the
listed clusters has the effect of greatly increasing their
ionization energies. Al4 O6 and Al6 O9 have relatively large
ionization energies as well. These ionization energies can be
explained as Al4 O6 and Al6 O9 correspond to the Al to O ration
2:3 present in bulk Al2 O3 and as a result have large ionization
energies. The lowest energy values present are Al5 O3 , Al7 O3 ,
and Al7 O7 . Each of these clusters have a large HOMO-LUMO
gap and as a result it would not be expected for these clusters
to readily ionize.
Figures 5.7A and 5.7B plot the Hirshfield charge on O and Al
with respect to cluster size. This data provides an analysis of
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Figure 5.6: Fragmentation energy of of Aln Om (2 ≤ n ≤ 7; 1 ≤ m ≤ 10)
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+
the effects of oxygen coverage on the charge transfer of Aln Om

clusters. For clusters in which the Al to O ratio is less than or
equal to approximately 1:2 O has a charge between -0.3 and
-0.45. After this point the charge on O drops drastically,
signifying O saturation and the formation of O-O bonds.
Figure5.7b supports these results as after Al2 O3+ , Al3 O4+ ,
Al4 O6+ , and Al5 O7+ there is a monotonic decrease in charge on
Al sites. Although these results generally align well with the
results of the neutral structures and also aligns with the ratio
of Al to O in bulk Alumina there is one stark difference.
Unlike the neutral species the saturation point does not
correspond to a set charge across cluster sizes. In fact, this
number decreases as the size of the cluster grows, implying
that the charge representing the +3 oxidation state changes
with regards to size in charged clusters.
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Figure 5.7: A) Hirshfield charge density of oxygen. B) Hirshfield charge
density of aluminum.
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5.2

Results in Relation to Experiment

An important result of this study is to gather an
+
understanding of the stability of Aln Om
clusters in general as

well as the clusters represented in figure 5.8. Figure 5.8 gives
the structures of the 12 clusters with the most intense peaks
found in the experiment. From this figure it can be seen that
+
clusters all are O rich and most
with the exception of Al7 Om

O-O bonds or multiple O free radicals. Of these selected
+
clusters only Al5 O7+ and Al7 O10
, both of which correspond to

the ideal 2:3 ratio, have large HOMO-LUMO gaps. All of the
remaining clusters have HOMO-LUMO gaps that are below
average implying that these structures are not chemically
stable. In regards to fragmentation energy, again, only Al5 O7+
+
and Al7 O10
have large values while all other clusters are

roughly average. As these clusters show signs of being
chemically reactive and relatively easy to fragment it does not
seem that they would be stable. If the number of collisions
between the Al vapor and the O2 gas were kept relatively low
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Figure 5.8: Structures found experimentally

one would expect to see clusters such as these were there is
essentially O2 molecules loosely binding to Aln+ clusters before
experiencing enough collision to be fragmented.
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Chapter 6
Conclusions
6.1

Summary and Future Projects

This work focused on the atomic and electronic structure of
+
clusters with n ranging from 2-7 atoms and
Aln Om and Aln Om

m from 1-10. Examination of this clusters was undertaken to
gain insight into the various ways in which small Aln Om
clusters form. The results of this work support the idea that
from an energetic standpoint small aluminum oxide clusters
are most stable when the ratio of Al to O is 2:3. Although,
Aln Om structures conforming to this ratio are indeed the most
common way to achieve energetic stability it has been shown
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that there is another route by which this can be achieved.
Clusters such as Al4 O4 , Al5 O3 , Al6 O4 , and Al6 O5 have large
HOMO-LUMO gaps indicative of chemical stability. This
stability is the result of multiple valance in regards to the Al
atoms of each cluster. These clusters are marked by terminal
Al atoms that are monovalent and also in the +1 oxidation
state. When paired with central Al atoms that are trivalent
these clusters form closed electronic shells.
+
clusters, no such multiple valence
In regards to Aln Om

structures were found. Clusters in which this behavior is seen
have a preference for planar geometries with terminal Al
+
. It was also
atoms, a scenario that was uncommon in Aln Om
+
found that although oxygen rich Aln Om
clusters can be created

the energetic stability of such clusters is mediocre at best. As a
result, if these clusters where to exist in a high collision
environment one would expect them to fragment in to more
stable clusters closer to the 2:3 ratio.
In the future it would be of interest expand this study to
include clusters with higher numbers of atoms as well as
61

−
Aln Om
clusters. Doing such would allow for a greater

understanding of multiple valance in regards to size constraints
as well as bonding.
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